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* PREFACE 


Though a number of thermodynamic charts for internal combustion 
processes have been prepared in the past two decades, the project by 
Lt. Williem F. Farrell, Jr., USN, "fhermodynamic Chart for The 
Centveation Process in Diegel Cycles", wag one of the first to cover 
the pressure, temperature and a typical fueleair ratio of diesel cysles. 

This project presents thermodynamic charts of two diesel fuel~air 
ratios, being assumed maximum and minim ratios that would be used in 
diesel cycles, covering the temperatures and pressures used by 
Lt. Farrell in his project. Thus this is 9 continuation of the project 
started by him. The ratios used will enable the user to extrapolate 
or interpolate between the values used by the author and those of 
Lite Farrell. 

Of w necessity, much of the written material is a repetition of 
the work done by Lt. Farrell. Much of Lt. Farreii's work und methods 
have been checked. 

The analysis and computations necessary for this project and the 
construction of the thermodynamic charts was made during the period 
February, 1952 through dune, 1952, by the author, 
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LIS? OF SYMBOLS 


Pressure (total), in atmospheres 

Pressure (partial), in atmospheres 

Pressure (total), lbs./sqs in. 

Temperature, CRankine 

Volume, cubic feet 

Internal Energy, BeTsUs, above COg, Hg (vapor), 02 
and alm, at 100°F, 

Sensible Internal Energy, (E-Q,), in B.T.Us 

Internal Energy of Combustion, at 100°F., of unburned fuel 
in equilibrium mixture at temperature T, in BeT.Ue 

Enthelpy, BeTU., BS J(pv) 

Entropy, Bef.Ue/°Rankine, above CO,, H,0 (vapor), 0; 4 
airel,, each at one atmosphere and 100°F 

Universal gas constant 

Conversion factor, 1 Belo. 778 ft.» Lbs. 

Mean Specific Heat Ratio 

Equilibrium constants 

Mole fraction of each chemical species at equilibriun 

Moles of each chemical species at equilibrium 


Totel moles of combustion products 
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GHAPTER J 
INTRODUCTION 


The large fraction of combustion processes of interest to the 
engineer invelves burning of a hydrocarbon of fairly moderate 
volatility in air. For purposes of analysis by thermodynamie chart, 
en internal combustion engine cycle may be divided inte (A) low 
temperature regions where chemical dissociation does net oopur, or 
negligible in importance, and (B) high temperature regions, reached 
in the combustion ef the fuel, where chemical dissocation may pecome 
of appreciable magnitude. 

Charts prepared by H. C. Hottel, G. Ce Williams and 
Co No Satterfield in 1949 (2), cover beth the above regions for the 
gasoline engine cycle, and are satisfactory for use with diosel engine 
cycles in region (A). They do not, however, cover the temporature 
renge and pressure range of the diesel during combustion, i.e., in 
region (5). 

The thermodynamic charts presented in this project cover the 
pressure and temperature renge of the combustion portion of the diesel 
cysle for two limiting diesel fueleair ratios, They have been wnstructed 
on the same material and temperature bases as charts for gasoline engines 
in region (8), and thus may be used in conjunction with charts represen« 
ting the unburned mixture, as prepared by Hottel, Williams and Satterfield 
(2)» Values of equilibrium coustants and thermodynamic property values 
used here are consistent with those used by Hottel, Wilidems and 
Satterfield (2). 
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CHAPTER IL 
BASIC CONSIDERATIONS AND DATA 


ie Data Used 

It was suggested by Professor D. Kavanaugh, of the Engineering 
School, of the United States Naval Postgraduate School, that the charts 
to be constructed have fueleair ratios below and above the fueleair 
ratios used by lt. Parrell. The following date was used; 

Puel~Air Ratio; O77 (130% theoretical air). 

0.40 (250% theoretical air). 

Pressure Range: 800 peteis to 1500 pots 

Temperature Range: 3$000° Renkine to 4500° Rankine. 
&. Chemical Dissociation 

At the high temperatures reached in the combustion prooess of the 
diesel engine there may be many different molecular species present in 
varying amounts, due to chemical dissociation of the working fluid. 
The requirement of chemical equilibrium neeessitates consideration ef 
the effect of the species on the thermodynamic properties of the burned 
mixture. There are ten molecular species (Noo Oyo COg, Hy, NO, OH, CO, 
0, Hy, and H) present in sufficient quantity to require consideration in 
this development. In the course of this project, it was found that the 
effects of the minor spscies (NO, GH, CO, 0, Hy » H) were of definite 
importance in the temperature and pressure range used. In Figure ls is 
show the effect of temperature on the relative magnitude of thease 
species for ene representative pressure for beth fuel~air ratios, It 
ig &pparent that the magnitudes of these minor species become appreelabls 
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at the higher temperatures, and camot be neglected in computations, 
without resulting error. Particulerly is this true of the species 0 
and OH, which frequently are neglested in determinations of burned 
mixture composition. 
$e Ideal Gas Law 

Computations involving composition of the burned mixture together 
with critical pressures and temperatures of the component species 
indicate that the burned mixtures behave as if their critical pressures 
and temperatures are approximately 30 atmospheres and 350° Rankine, 
respectively. At the elevated temperatures ef the chars deviations 
from the ideal gas lew are insignificant. Therefore, the chart is based 
on the equation of state for ideal gases. 
4. Fundamental Data 

The fundementel data required for calculation of these charts ars; 
(a) equilibrium constants as functions of temperature, and (b) various 
heats of reaction. The author hae accepted for his caleulations the 
seme data on internal energies, enthalpies, entropies, and equilibrium 
constants as did Hottel, Williams and Satterfield (2), and the computa 
tions of Lt. Farrell based on the above. The method of determining the 
- gGhanges in the thermodynamic properties for the chemical reaction in 
question ia given in Appendix I, page 21, the method of obtaining the 
eotual equilibrium constants used in the calculation of composition of 
combustion products in equilibrium at the various temperatures and 
pressures is desoribed briefly in Appendix I, page (9. 

Composition of air: a basis of 100 moles of dry air, a composie 
tion of 20.99 moles of oxygen and 79,01 moles of nitrogen we used. In 
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actuality, the nitrogen above has minor components of argon, carbon : 
dioxide, and hydrogen included, and might better be called Air-litregen. 
The abeve composition was use® in caleulating thermodynamic properties; 
but pure nitrogen wee used in equilibrium caleuletions, which made but 
a negligible change in the amount of NO present. 

Composition ef fuel: The fuel chosen was the hydrocarbon (CHg),, 
which has a hydrogen-carbon ratio considered adequately representative 
of diesel fuel. 

Other sonstanta: 

i» Gae Constant R © 1,987 col./"K, gromemoele, 

2. Apparent Formule Mass of Air ~ 26.95 (which agrese with the 

above air composition.) 

3, Atomic masses from 1956 International Tables. 

4 Conversion Factor: 1 atmosphere ~ 144696 patel 

S. Conversion Factor: 1 oal./gram-mole ~ 1.80 BTU/lb.«mole. 

6. Conversion Factor: i lb.-mole burned mixture ~ 00024135 1b. 

of air. 


«10» 


r é 
s(t a, 4 ney. th 
oe tea. ee aie 
al \ 


a See * 


TRE Le Rip CHAM gE a ha Ge ay nanan 4 Soil 
mone Bet ask op RO Aa ae gs or gilt ile nae | ognadieenod 
Tt genkgeeeee “Te Haan a ween cold py A kort ati De goede 
oe Se} raha) aw? ot le Ley aa ae a a gemdie 

of gate Se doit GP utd ae ad tbc 44 Sevhe 82 welteney 
Bi Res iit WH PRU te A OT OR Re ee aut Amey yeni 
ne CORP eee Heise «SRR die mar ery at edonkey ooo) eda 

+2 OMe 4? Ka es bed d-ceveuh Sk cere a ) 

16 & ys “oo cosine AM V4 aie a we ithe Ga gaan ee 


, oY sees ky ae AAT Ske ple Ye eee Oe ee eae 


ar. ut ten 


CHAPTER Iii 
PROCEDURE 


1. Analysis 

If definitely fixed quantities of sarbon, hydrogen, oxygen and 
nitrogen are permitted to come inte equilibriua, two of the properties 
of the resultant mixture may be fixed, and will be sufficient te som- 
pletely define the composition of the mixturs, and hence its thermoe- 
dynamic properties. Pressure and temperature were the properties 
selected in this work. 

It was considered that the chemical dissociation would produce 
combustion products containing the following molecular species: No, On, 
COy5 Hy, CO, Hy, H, OH, O amd NO. The relative magnitudes of thease 
species, at the fixed fucleair ratio, depend on the pressure and temperature. 
The method used to calculate these magnitudes at a semple pressure and 
temperature, using determined deta on equilibriwma constents, is shown in 
Appendix II. 

26 Material Basis 

The material basie of the chart is the quantity of material which 
containg nitrogen and oxygen equivalent to one pound of airs 
For complete combustion: 

(He )xt X(I' 502 4+3-76 ES] Nz)= X(COr+H20+ 5.64N2) 
For a fueleair ratio of 0.77, there are 1.95 moles of oxygen ani 7.552 
moles of nitrogen, or 9.282 moles of air, for each Cig unit of fuel, The 
mass of air is (9.282) (28.95) = 268.714 pounds; the mass of fuel (1)(12) 4 
(2)(1.008) = 14.016 pounds. The mass of fuel associated with one pound of 
air is then 0.05216 pounds. For a fueleair ratio of 0.40, there are 5.75 


moles of oxygen and 14.1 moles of nitrogen, or 17.85 moies of air, for 
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each GH, unit, of fuel, The mass of air is 14.016 pounds, The mase of fuel 
ascociated with one pound of air is then .027123 pounds. The mase basis 
ie necessary for consistency because the number of moles of combustion 
products varies at elevated temperatures with variation of any thermo- 
dynamic property. 
$. Determination of Thermodynamic Properties 

fhe temperature base for the chart was selected as 100°F. The 
values of internal energy end entropy, obtained from Table 6, Appendix A, 
Hottel, Williems, and Setterfield, (2) were converted to this temperae 
ture base as described and illustrated in Appendix I, To determine 
the internal energy of the combustion products at each selected tempera~ 
ture and pressure, the procedure isto multiply the mole fraction af 
each molecular species in the products, by its corresponding value of 
internal energy, corrected to proper tenperature base, sum up the se 
products for all ten species, and gonvert to the proper material basis 
for the chart; thus 

Eee > 2 ecie; 

Entropy involves not only an additive factor similar te that shown 
above for internal energy, but also the entropy of mixing; that is, 
the entrepy of the mixture is 

Smix > a (fe Se-— fe R Ln Ps) 

where 7c is the mole fraction of each species, Sc is the molar entropy 
ef each species at one atmosphere pressure and each temperature, 
corrected te the proper temperature base, R is the gas constant, and 
Pi is the partial presaure of the components, in atmospheres, end aise 
equals7, P , where P is the total preseure of the mixture in atmos= 


pheres. the entropy Smjx is corrected to the proper materiel base for 
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the chart. The enthalpy of the mixture is obtained from the thermoe 
dynamic relation 
it Hiniy = Emin € MA > Emix+ RT 
The volume at each pressure and temperature is obtained from the ideal 
gas law: 
Vimix = mano. 

where (Em) is the totel moles of the mixture at seach temperature and 
pressure, R' is the gas constant (1645 BTU/°R, ibemole) and ¢& is the 
total pressure in pounds per square inch. This volume is then converted 
to the proper material basis of the chart. 
4. Description of Chart 

The thermodynamic properties represented on the chart are as 
follows: 

(a) Temperature ~ | , degrees Rankine. Nearly horizontal solid 
lines at 200 degrees intervals. 

(>) Preasure « qe » pounds per square inch. Diagonal solid lines 
at 100 peteie intervals. | 

(c) Volume « V , oubic fest per pound of original aim Diagonal 
dashed lines with greater slope than the pressure lines, at Ool or O08 
cubic foot intervals. 

(d) Internal Energy ~ 5, BU per pound of original air. Ordinate 
of chart. 

(e)} Entropy = 8, BTU/* Rankine per pound of original air, Abscissa 
of charte 

(f) Bnthealpy « H, BTU per pound of original air. Nearly horizontal 
dashed lines, superimposed on the chart to eliminate the necessity of 


using the relation H ® B +Rf. 
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6. Method of Reading the Chart 

To illuetrate reading the chart let it be desired to determine 
the thermodynamic properties of the proluecte of combustion of one 
pound of air with (CH, ) ® vapor at fT 3600° Rankine od p 1200 pesei. 
The eriginal mixture contains 150% excess air. Locate the intersection 
of the lined corresponding te the above temp rature and pressure, and 
read directly thet the volume iv 1.8 cubic feets the internal energy 
is 682.1 BIU; the enthalpy is 947.2 BRUy and the entropy is 0.269 Btu/” 
Renkine. Interpolation between tenpsrature and aithalpy lines is 
substentially linear, In actual cycle analysis employing the chart, 
the known thermodynamic properties will be more probably pressure and 
either internal energy or enthalpy, but the procedure in reading the 
chart remains the same. 
6. Use of the Charte 

The chart is designed for use in conjunction with diagrams 
representative of the unburned mixture existing prior to combustion, 
in anelyzing diesel cycles, Such diagrama have been prepared byHottel, 
Williems, and Satterfield, (2). The author’ scharte indicate the thermo~ 
dynamic properties of the burned mixture as a result of the combustion 
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A DISCUSSIGN GF THE SYSTEU BELG? s000° RANKING 


le Basic Requiranents. 

fo permit determination of the themaodynenio propertics of the 
burned mixture as a result of isentropic expansion te « point where 
the exhaust valve opens, a low pressure-low temperatwre chart, of sub= 
stantially the same entropy limite as the mthor's chart, is required. 
The approximate temperature oni preasure renges for this chart are 
900° Renkine to 2900° Rankine, and 14.7 peseis te 190 pasel. respectively. 
2. Frozen Equilibria. 

Chemical equilibrium has been assumed to exist at ai} temperatures 
above 3000° Rankine, where the shemical reaction velocity ia quite 
high, However, when the gas mixture is rapiily cooled below 3000° Rankine, 
the composition is found to correspond to that at some higher bemperas 
ture, at which the composition "froze". Considering that in diesel 
cycles an isentropic peth in closest to the actual path to the syste 
below 3000" Rankine, the prersure effect on composition wes taken into 
account by the assumption that the composition of a mixture below s000° 
Renkine, wae that of the mixture at 3000° Rankine, at the same entropy. 
Experimental validation cf this eseuaption is quoted in Chapter V, 
Robinson (5), and is consistent, in this temperature and preseure 
range, with the value of 2880° Rankine, used by Hottel, Williams, and 
Satterfield (2). 

3. Determination of Thermodynamic Preperties. 
The composition of the burned mixture at 5000 Rankine and a 


various pressures is determined as shew in Appendix Il. The entropy 
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of the mixture at 5000° Rankine and the above pressure is determined 
as described in paragraph 3 of Chapter ITI. As stated in paragraph 1 
above, the composition of the burned mixture at any temperature below 
3000° Rankine is thet of the mixture at 3000° Rankine at the seme 
entropy.s Thus, selection of any temperature T in this region fixes 
two thermedynanic properties « temperature and entropy » and these are 
sufficient te define the remaining thermodynamic properties of the 
mixture. The internal energy end enthalpy at each temperature T is 
then obtained in the manner described in paragraph $, Chapter III, using 
the mixture composition at 3000° Renkins at each entropy. To obtain 
pressure (p) and wolume (V}, the equations for the isentropic process 
by which this region is entered in the cycle, from the reglon above 
3000° Rankine, are used. These are, at any temporature T and entropy S: 
gee ei (ZS) and ev, (EB) 

where py and V, are the pressure and volume et 13% 3000° Renkine, and 
k is the mean specific heat ratio between the temperature T and Ty 
Values of the speoific heat ratio for the (CHy), fuel with 150% ani 
250% air, at any temperature between 300° Rankine and 4000° Raukine, 
may be obtained from tables in the Gas Tables (3), by interpolation and 
extrapolation. The method of obtaining the mean specific heat ratio 
between any two temperatures, when the specific heat ratios at these 
limiting temperatures are known, is set forth in Kiefer, Stuart and 
Kinney (4). 


*16- 


hoalenstah vi emmagerq oreda 


£ heptgerng 5 Sith 8 “co mapererein 


flaring erate 
sh : haseaelaile ‘& ae 
ms 
a sah NR eke oe CLE oe Be 

) eT “ 


beh reo Heo a, “ERE 


Seber. eel er i c " ‘Ss i 3 : iS: j ei per bape 7 wee ay Cad 

ot ae aed orttoess oat ane Ww hovtiom ea? 
q a PA ee Ci RG RM Da: a Mh cet ea ee 
erode oe ‘wot 9 v0 ofttoegs on ale <weruberogne st owt ye mended 
ut Seaeeler ot cae gi Sh seo 

tan tt sowed at stot day a timer ona weristaregne 
a ery y Mel ei Ot va hee % cf Oh re - gaa 
o() youl 
wh? 2ertaae eae 
CE WORE re: UN EE Ae: at bop Rees glk 


‘4 wn ‘ ‘ ph ten et — » 
va seme eG Ai ts, Wn Pg ies OS AS NR Bie a RS Obs a 3M) RI rast 


pale 2 beudh’. cau OR fear a hae iia t idea ae Fl aoe ated 


le 


Ze 


3. 


4eo 


5. 


6s 


BIBLIOGRAPHY 


Hersey, Re Le, Bberhardt, J. Bs, and Hottel, He Gs, 
SAE Journal (Transactions) 39, 409 (1936) 


HOttel, H, Ge Williams, G, Cs, and Satterfield, C, N., 
Therm anic Charts For Combustion Processes, 


Keenan, J. lis, and Kays, J. 
Gas Tebles 
John Wiley & Sona, Inc., New York, 1948 


Kiefer, P. Js, Kinney, G. Fs, and Stuart, U. 0. 
Engineering Thermodynamics, (Unpublished) 

Robinson, Co Se, 

- fhe Thermodynamics of Firearms. 
MoGrewelHiill Book Company, New York, 19435, 


Farrell, Willian Pe, Ive, 
The. 


© Chart for the Combustion Process in Diese] Cyoles 
(Mester’s Thesis, U. S. Naval Postgraduate School, Monterey, 


California, ) 


eh fe 


shit ek Bi Mig, MY hee ‘ns # ius ii 


i Ae go i ce ‘ 
i 


iced biel me bi 


via dey oh res meas 


ee 


aM 
Bow, bees 


ays 


Pease’ Spal 


a ee] 


oid Mee, ee peren 


a ; ey 
s - ie 1 &! — Pr 
yb s a4 ee 


F p Sneha Pees c ee 


cao Set! 


a 


st 


Bae i 


es 4 Snap nf bars act 
“am § yates me Bt oa: ma ua ape Sete aa h Ab | 
eet? eae r rey a Sa eee mw t et fs bs ae Fins Maite mu mm 44 p cnet 
. ‘ el Hage ae ' 
* Sey se weentee 


KR “eStinte arth 


a i ‘ ‘ ia 
Sen ers : Sas ae ue y 


hte ad ‘ee Raat dale ae sitet 


rea A ade ae ie Ra) ese MNT ‘ 
“tel i! Seal 


cree ainas - 
_ - » ay ~ — 
— A in S i 
‘ = 7 
— _.- 7 fi 
_ = 
_—— 
= 
a . 
7 
™% - 
le. = ~ = 
— 
b . 
** 4 
E 
¢ i 
_ e 
= = z - . _ . = ~~. oe - ; > 
= ae aan ~S —_- - " A - ~ = * 2 . 
s ~< ——- hs ‘h — ~ : = : — . i= : = 
Ss SS ay Ye. Pe va “Be: ¥ — : 
ee” 


ee Fane SO Oo 7 _ = - : 7: 


‘(4s bos) queqsuco unpaqzTymbe oy; jo onyss oTMBTAFoy Tengu ouy PUES 

( “Ao/, +) oarp.redme, eqntosqe yo Tecosdpoes o4g wongeq dyyeucTgv[ex reeUTT eg 

@upfopdme “uoyQetodzequt fq (Zz) PTeTI1e79%g PUR “sweTTTTM “Tes30q go “y xypucddy °, eTqeZ 
BY POST FoNTes Jo FOTOS O44 WorT POPUTMOTSS Sram BACQE PegRTT SQmBQZstOS UNTIQTTTRbg 


*seyoeds xvTneetom youo jo “sereydsouqe ut eanssead Teyqued sy eaoqe UT 7K| 


O* HY erie 2 é 
Tia, Hou =" “HY Foy * a 
th ty oH 

ae = 

on i 
be 
= 65 
OPH d is} = 
or ae aad 


gu Ot*2ee° g 2 ga TSP" ¢ yoo T*2T9* € GS7"9 OOS? 
gaOt¥LE9" Tt ga OT *468 *T i OT*LE0° 2 gu0 tS 36° 4 pn OtRede’s 284° 009 
gad t*8S0°S ga OT*vto° tT ot Ot*Ta6*e oz-Ot*eT8” t gol T*BasT"s SOP*S O00 

24 sy by ey zy '> oo 


oreptse2 got ezT*s 


SVOTROWSY TVoTWEeYD soy SQUeZsUOD anzsqyTyHbyg 
I giaqva 


#19= 


*sTdwexe we ga 


ge sejoads 


jo ABZzeue Teuxequt ew Futsn Sreursa PaymotToy eyg uy “(z) pTeTyseageg puS “seeTTT TM 


*yeqq0y Sy xtpueddy "9 eTaey UL sRouQ wory peuTegqo Szem OAGqe MOUS ReRTeA st], 


TSe0d 
ETSOD 
§89Ss 
89086 
S6ObL 
$T8ge 
6s26t 


peZeT 
69eee 
sge6z 
008% 


99249 
B06SE 
B¥bTS 
89969 
£0404 
CoPTs 
S8SPT 


*S[OURHF/ FOPLOT VO SIE ehogs SYR JO SQTUM sy, 


S8ess 


epege 
T2409 
98048 
$2669 
epso8 
LOLPT 
e9zsT 
TOLET 
a6ave 
003% 


S6LE9 
Be6Te 
GLPLY 
vESSE 


20098 


6eL29 0 
696% ON 
820Gb BO 
10988 H 
Stas oy 
gozg. 00 

2688 & 
sett 0 “getty 
63901 o8y 
9zeeT ®9 
0008 ee yoodg 
=, 
ABrevy Toure; uy 


seqtoedg rETRoeTOW Jo seyquederg op menkpomreyy 


TY wiavi 


~20~ 


The internal anergy of any species at temperature T equels Es +Qv 
where Es is the heat released by cooling the gas at constant volume 
to the temperature bass of the chart (100°F s 311°K), and Q, 1 the 
heat of combustion of the gas at constant volume at l00°r, Es ia the 
value of E of the specion at temperatare T minus the value of E of 
the species at 100°F, each obtained from Table 6, Appendix A, Hottel, 
Williens, and Satterfield (2).Qy at 100°F is the heat evolved in 
cooling the species, and oxygen required for combustion, dow to o°rK, 
plus the heat of combustion at O°K (EB at O°R im Teble 6), less the heat 

absorbed in heating the combustion products from OPK to 521°K(100°F). 

For the combustion of CO, the combustion equation is: 

co +40, —~ €o 
or one mole of specie CO reacts with one half mole of oxygen to form 
one mole of CO, as combustion productse From Table 6, Appendix A, 


Higttel, Williams, and Satterfield (2), the following values wore 


obtained: 
For 00; Eqrx = 66,769 For 00,1 Eauk.-Eot = 278? 
Esuc«x. = 73,787 For Og Fae ~ Lom = 1588 
Eacoo’e = 785455 
Then: 


Es=E3cocte-Eaiy’k = 78435973757 = 4678 


Qy: [Esnek- Eo] + aun -E ody Xe " Fork] =P 


= LE ay.— Eo | cOz 
Qy = (78787 - 66769) + nase + 66769 « 1737 


= 72789 


E aco0%e = Es+ Qy 
= 4678 + 72789 = 77467 calories/g-mole. 


The above ie the value show in Table 2. 
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The value of enthalpy is readily obtained from the relation H =B +RT. 
Thus the enthalpy of CO at T= 3600°R is; 
H3coo®R. =Escog°s + 10987 x 2000 
= 77467 + 8974 = 81441 calories/g-mole 


TABLE IIT 
Molar Entropy (at one atmosphere pressure) 

Species 3000° 3600" 4500° 
60, 20.166 22.522 254791 
a, 15.919 17.875 29.68 
Aire, 12,754 14.148 16,072 
Og 13.490 14.956 16.908 
CoQ 12.924 144336 164279 
By 12.061 13.557 15.597 
E 863% e865 10.86 
OH 12.40 13. 74 15.62 
wo 13.22 14.65 16.61 
9 8.54 9e26 10.58 


The units of the above are calories/gemole °K, or BIU/1b mole °R . 


The values shown in the above table (Table III) were obteined from 
those in Table 6, Appendix A, Hottel, Williams, and Satterfield (2), 
merely by subtracting the entropy value at the t mperature base of the 
chart (100°F 311°K) from the entropy corresponding to the teup rature 


in question. 
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Thermodynamic Propertics of Equilibrium Mixture of Combustion Products 
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TABLE IV 


From Which Charts Were Constructed; 
130% AIR 


6885823888 § -~ 


546.586 
646 .546 
546.535 
712289 
71h 74 
711.091 
711.025 
710.997 
972 4820 
970.082 
968.667 
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BIU 
752 »499 
762 9478 
752 «467 
959.216 
9592102 
959,021 
958 »956 
983928 
32814711 
12784915 
1277 .660 


Bru/ 
286164 
023382 
281402 
031686 
250150 
025899 
027843 
27348 
39186 
056448 
34939 


104085 
Leivia 
Le0046 

s 9876 
2.2028 
1.4678 
Lei 74) 
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3000 800 522.589 728.526 024276 1.4287 
30000 «1200 622.876 728.4518 »21583 +9524 
3000 1500 522 .670 728 . 508 £20008 «7620 
3600 B00 682.240 950.719 +24695 Le71L8 
3600 1000 682.166 950.645 «28166 1.3728 
3600 —-:1200 682.098 980.577 26916 161431 
3600 ©=-«1400 682.056 930.537 +25859 29798 
$600 1500 682.029 950.509 925389 69146 
4500 800 927.830 1286.720 36928 2.4668 
4500 1200 925. 784 1235.127 +4206 1.4808 
4500 1600 925 «440 12346331 232676 Leld4é 


The material basis consitent with the above values ig one pound 


of dry sir (1/28.95 pound-mole), plus the corresponding fuel. 
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Method of Caloulating Composition of Combustion Prodacts In BQal librium 


The large number of molecular species present in the combustion 
equilibrium mixture makes it necessary to organise the methed of 
Galculation to minimige trialeand-error, 

There are four kimis of atoms present (C, H, 0, N)s These are 
distributed in ten species (60,, Hig®, Oy, Hy, 60, Hy, H, Of, NO, 0). 
Available in releting these species are the six chemical equi libriun 
equatione shown in Table I, Appendix I. They are listed again here for 
convenient reference, with the mumber of moles of each species being 


represented by its chemical symbol in parenthesis: 
Eq: | K, = Me Pu2?/Pro, Pu. = aie oe, 


wy ae" ' 
Eq2. Ka= ine: "Pago Be _ (NO) Me obanath He 
Eg. 3 Kae Fo, Pita /pe COO hu at x eS, 
Co) Hal 4 0) x % 
Yale x i wy 


= Con) Ha) yo) x7 Yo 


N 


ii 


Pe F 
Eq.4 Kqa= ¥ "2Py.0 


i 


Eqs Ks- "ia 
Eq.¢ om ae 
in the above, P is the total presaure in atmospheres, PC ig the 
partial pressure in atmospheres of each molecular Species, and the symbol 
a represents the sum of the moles of all species present. 
As shom in Chapter III (4), with a fueleair ratio of Oe7%, or 190% 
air, there are 1.95 moles of 9, and 7,332 moles of Ny present, giving 
9282 moles of air per mole of fuels with a fusleair ratio of) o4, or 250% 
air, there are 3,75 moles of Og md i4s] moles of Np present, giving 
17.85 moles of air per mole of fuel. If one mole of oarbon and of hydro= 


gen in the fuel is chosen as « basis, there are available the following 
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four equations satisfying the material balance of the four atons 
present (C, H, 0, N)e These equations are, on a mole bagia, at 
equilibriuna: 

Eq. 7 (COz) +(CO) = |.000 

Fq.8 (H20) +H) + [(4)+(on)] = 1.000 


Eq. 3 (6o,)+(02)4 4 Keo) + (co) #(OH) (NO) + (0)] = 3,75 


Eq. 10 (Na) + 4(NO)= 14.) 

The equations 1 to 10 inclusive give sufficient relatios to solve 
for the composition of the ten molecular species in the combustion 
products. 

Procedure: The first step is to divide the ten species into major 
components (CO,, Hy0, 0%, Ny, CO and Hy), and minor components (H,0, NO, 
and OH) and to consider for the first approximation of composition that 
only major components are present. Then equations 7 to 10 inclusive 
become : Eq 7A (cCOz) +O) = 1.000 

Eq. 8a (H20) +(H2) = 1.000 

Eq. 9A (COz)+(62) + b[(H20) +(Co)]=3.75 

Eg. !0A (Nz) = 141 

Eq. Il Z = (COz) + (H20) + (02) + (Nz) +(CO2) +(He) 

By judicious use of the above five equations together with equa» 
tions 1 end 5, a first approximation of the number of moles of the 
major species present may be obtained. Then, using these results, 
plus equations 2,4, & and 6, a firet approximation of the minor species 
is made. Thewilues of the minor species so cbteined are put onte the 
original four equations 7, 8, 9, and 10 and these equations in turn 


solved in terne of the major species, A second approximation is now 
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carried out, in precisely the same manner as the first approximation, 


ta give corrected values of the major species baged upon the presence 


of minor species. Again values of the minor species are determined with 


the aid of equations 2, 4, 6 and 6. If the wsults for all species 
satisfy equations 7, 6, 9, ami 16, the computation is completed; if not, 
further approximations are carried through until theae equations are 


perfeotly satisfied. 


Te illustrate the method, a sample calculation will be carried out, 
using representative values of temperature and pressure. 


T= seeo* qe= !200 psc P =81.65 atmospheres 260% air 
Prom Table I, Appendix I, at T= 5000° R. 


K,= 3.406 Ka= 3e981x10"2° 
Ko = 9265xi0"° Kg deOl4x20"* 
Ky 1e816x1072° K ¢= 54053107 
Fig tet 2, 2 agec 
(CO2)CH2) 
os a. ger” T< 
Eq 3, (Oa)(Ha)* = Ks[S]= 1-81 Ea 


(H20)* 


or 
(Hz ) “I, S i 
———— = |.347x1\6 
(H20) tee, 
Adding equations 7A, 8A, amd LOA: 
Eq.12 Or) +(co)+C H20) + ¢ H2) +CN2) = le. 


Eq lk Selel + (Oz) 


Wultiplying equation 9A by two and subtracting equation 7A, 
Eq. i4 (CO.)+(Hee) 4202) =a5 
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Prom equation 10A 
(No) = 14.) 


A8T APPROXIMATION 


\ 


; ee 
(O2) 2.25009 2.2500094 
S= lo. + (2) [Eq (3) 1.35009 19.3500094 
2. 316635 .3\6035 
PLO2) 
Z -5 
(Ha) 1347x105) 2 lEq3] 42569xI0°° son an 
(H20) P (2) 
(H2) .0000042569 000004257 
( H20)= |.000-( H2) |Eq 84] .999995743) ‘999995743 
(C02) =6.5-2002)-(H.0) [Eq. 4 er 1999985457 
(CO) = 1.00e-(co2) [Eq. 74] =e 10060 14543 
Co)(H20) 
poe! 3.406 leg. Pests 3. 46 
(CO2)(H2) 


Eq5 (H)= (Ks). (H2)2 Je 
P 
=— (_aomx 1o7~ + X 1000004257 2 X | 18.3500094 
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in the first approximation, to any extent, and hence all values satisfy 
equations 7,8, 9 and 10; if they had not, a third approximation would 
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